INTRODUCTION
Invasive species are a leading threat to the integrity of natural populations and communities (Wilcove et al. 1998 , National Research Council 2002). While a landscape-scale approach to evaluating community susceptibility to colonization and impact by invasive species is likely to provide key insights, few studies have done this quantitatively (but see Smallwood 1994 , Suarez et al. 1998 , Higgins et al. 1999 , Hobbs 2001 . In this study, we examined the influence of landscape changes, including agricultural intensification and invasion by an exotic weed, on the susceptibility of native thistles to attack by an invasive biocontrol weevil.
Landscape structure can affect the movement and population dynamics of species and, thus, may influence invasion dynamics (With 2002 suggesting that plants may experience a relative refuge from their herbivores, including invasive insects, in fragmented landscapes. In our study system, the agricultural (crop) matrix is not suitable habitat for the biocontrol weevil, Rhinocyllus conicus, since it lacks host plants. Thus, we predicted that weevil densities would decrease with increasing amounts of agricultural habitat within the larger landscape, resulting in reduced attack on native thistles. Susceptibility of native species to invasive species impacts may also be influenced by previous invasions. Areas that have been invaded by one species can be more or less susceptible to invasion by another species, depending on their interactive dynamics (Simberloff and Von Holle 1999). In plant-herbivore systems, the presence of an invasive host plant likely facilitates initial establishment of adapted exotic herbivores, which may ultimately negatively impact the plant population. This is the desired outcome of classical biological control (DeBach and Rosen 1990). However, in the absence of significant limitation by the insect, exotic plants may maintain insect densities at high levels, thereby increasing their impact on nontarget native species (Holt and Hochberg 2001) . The importance of exotic plants in mediating the degree of nontarget attack of natives by biological control insects has not been investigated previously. We hypothesized that the presence of exotic thistles in a landscape would increase attack on cooccurring native thistles, compared with landscapes in which exotic thistles were absent or rare.
To examine whether changes to the landscape alter the susceptibility of native thistles to attack by R. con-icus, we quantified nontarget use by R. conicus of two native thistle species, Cirsium undulatum and C. flodmanii, in grassland patches within three landscape types: (1) agriculture (crop) dominated, (2) grassland dominated with exotic thistles, and (3) grassland dominated without exotic thistles. We addressed two sequential questions: (1) does the susceptibility of native thistles to attack by the biocontrol insect differ between landscape types, and, if so, (2) to what extent does exotic thistle density, either within a patch or in the surrounding matrix, predict the level of attack?
MATERIALS AND METHODS

Study system
The study was done in the loess mixed grass prairie of central Nebraska, USA. The common thistle species in the region include one exotic, Carduus nutans L. 
Selection of study areas
South central Nebraska is comprised of a mosaic of agricultural and natural (primarily grassland/rangeland) habitats (Fig. 1A) . Study areas were patches of prairie grassland (800 X 800 m). Patches were embedded within a matrix composed of the eight surrounding 800 X 800 m land parcels (Fig. lB) . Patch plus matrix areas together make up what we define as the landscape (total landscape area of 2.4 x 2.4 km2). Grassland patches were identified using land-cover data from the National Land Cover Database (U.S. Geological Survey 2000), derived from 1992 Landsat Thematic Mapper satellite data. Potential grassland patches were selected in areas of high surrounding agricultural cover (>50% crop cover in the matrix) or low agricultural cover (<10% crop cover in the matrix). Within areas of low matrix agricultural cover, grassland patches were selected in landscapes with or without the exotic thistle (Carduus nutans). We consulted with county weed agents and used the Nebraska scoring system to identify landscapes "with C. nutans" in which at least two of the eight, 800 X 800 m, land parcels surrounding each patch were considered "moderately to severely" infested by exotic thistles (>200 thistles/ha), and landscapes "without C. nutans," which had no, or very low, densities (< 10 thistles/ha) in any of the eight land parcels surrounding each patch. The replicate landscapes within each of the three landscape categories were independent, i.e., nonoverlapping (Fig. lA) .
To keep patch characteristics as similar as possible, we only selected grassland patches that had not been in agricultural use since at least 1971 (earliest landcover data available) and had no evidence of being overgrazed (average vegetation height >20 cm). Patches were also matched using major soil and climatic variables extracted from a GIS database (Milner et al. 2002) . Sites were selected such that soil variables (based on data from USDA Soil Conservation Service In the first year (2001), we located and sampled patches in grassland landscapes with or without exotic thistles (n = 3 replicates per landscape type). Both native thistle species were sampled within all six embedded patches. In the second year (2002), we increased the sample size (n = 5 replicates per landscape type) and included patches within an agriculturally dominated matrix (>50% crop cover). We were unable to locate both thistle species in all patches. We found C. undulatum in grassland patches within all except one agricultural landscape. C. flodmanii occurred in patches within all five agricultural landscapes, but only in three grassland landscapes with exotic thistles and in four without exotics. For each thistle, we measured R. conicus egg load on three flower heads per plant: the primary terminal head, the first subsidiary head on the first branch, and the terminal head on the second branch. If one of the heads was unavailable for sampling (aborted or missing), we selected the next available branch terminal head (first or third branch). For each flower head, we also recorded diameter, flowering stage, and the number of R. conicus egg cases plus larval entrance holes as an estimate of the total number of eggs deposited per head.
Measurement of thistle densities
Statistical analyses
The main response variable analyzed was the mean number of R. conicus eggs per head (egg load) for each plant species. These data could not be normalized, as many plants had no eggs. Thus, an analysis of variance (ANOVA) could not be used for the entire data set. As a result, we calculated a patch-level mean for R. conicus egg load for each native thistle species. Egg load data were power transformed (x0-4) prior to analysis to normalize distributions and meet assumptions of statistical models. We then used one-way ANOVA on patch means to test for differences in R. conicus egg load among landscape types. Planned contrasts were used to examine differences between two sets of landscapes in 2002. First, to examine influences of cultivated habitat on weevil attack, we contrasted agricultural landscapes vs. grassland landscapes without exotic thistles. Second, to examine the effect of exotic weed invasion on weevil attack, we contrasted grassland landscapes with vs. without exotic thistles. For 2002, we also calculated the frequency of R. conicus attack by scoring each plant at each site as having R. conicus eggs either present or absent.
Since R. conicus oviposits early in the growing season, egg load on the late-flowering C. flodmanii was very low (mostly zeros). Thus, detailed analyses for 2002 were carried out only for C. undulatum. Densities of the exotic musk thistle, Carduus nutans, at the patch and matrix levels were highly correlated (r = 0.76, P = 0.001, n = 14), and could not be included in a single model. Thus, we ran separate univariate regressions to examine the effects of thistle density (patch C. nutans density, matrix C. nutans density, and patch C. undulatum density) on mean R. conicus egg load on C. undulatum, and on the proportion of C. undulatum plants attacked. In these analyses, independent variables were also transformed to minimize problems associated with influence and heteroscedasticity (Hamilton 1992). Thistle densities (both C. nutans and C. undulatum) were power transformed (x03) prior to analysis.
RESULTS
Although the exotic thistle, Carduus nutans, was present at very low densities in landscapes that had been classified as "exotic free," densities were more than an order of magnitude higher in landscapes categorized (Fig.  2) . Egg load also differed among landscape types in both years (Fig. 2) . In 2001, mean R. conicus egg density on the two native species was almost twice as great in patches within landscapes with exotic thistles than within landscapes with extremely low densities of the exotic thistle. Given the variability observed, however, these differences were not statistically significant for either species (one-way ANOVA: C. flodmanii, Fl In 2002, the pattern was stronger. Egg densities were more than four times higher in landscapes that contained exotic thistles than in those with very low densities of exotic thistles; differences in egg loads between landscape types were clearly significant for C. flodmanii and marginally so for C. undulatum (oneway ANOVA: C. flodmanii, F29 = 4.664, P = 0.041; C. undulatum, F211 = 3.434, P = 0.069; Fig. 2) . Planned contrasts showed that (1) R. conicus egg load on native thistles was significantly higher in grassland landscapes invaded by exotic thistles relative to those with low densities of exotic thistles, and (2) there was no difference in R. conicus egg load on native thistles in patches within grassland landscapes with low densities of exotic thistles compared with intensive agricultural landscapes (Fig. 2) .
The percentage of C. undulatum plants attacked was almost twice as high in grassland landscapes invaded by C. nutans (52%) than in either grassland landscapes without C. nutans (28%) or agricultural landscapes (22%), paralleling the pattern observed for egg load. Similarly, for C. flodmanii the percentage of plants attacked was five times higher in grassland landscapes invaded by C. nutans (25%) than either in grassland landscapes without C. nutans (4.5%) or agricultural landscapes (5%).
The influence of thistle densities on R. conicus egg load on C. undulatum depended upon the thistle species. The density of C. undulatum, measured within a patch, did not have a significant effect on the average egg load it received (Fig. 3) . However, R. conicus egg load on C. undulatum increased significantly with increasing densities of C. nutans, measured at both the patch and matrix levels (Fig. 3) . Within-patch C. nutans density was the best predictor, explaining more than 50% of the site-to-site variation in egg load on C. undulatum in 2002 (Fig. 3) . Similarly, the proportion of C. undulatum plants attacked by R. conicus increased significantly with increasing patch C. nutans density (R2 = 0.49, P = 0.005, n = 14), but matrix C. nutans density had no significant effect (P = 0.14), nor did patch C. undulatum density (P = 0.43).
DISCUSSION
Overall, the susceptibility of native thistles, C. undulatum and C. flodmanii, to attack by the exotic weevil R. conicus differed among landscape types. This effect could be explained largely by associated differences in patch-level densities of exotic thistles.
Egg load on native thistles did not differ significantly between patches within the agriculturally dominated landscapes and patches within grassland landscapes that had similarly low densities of exotic thistles. Thus, other factors likely associated with agricultural intensification, such as reduction in the landscape-level abundance of native host plants or increasing habitat discontinuity, do not appear to be important determinants of weevil attack on native plants. This result con- Exotic thistle invasion strongly increased native plant susceptibility to herbivory. Both the intensity (mean egg load) and frequency (proportion of plants damaged with eggs) of attack by R. conicus were much higher (two-to fivefold) on native thistles within grassland landscapes that contained large populations of the exotic thistles than in those with low densities. This pattern was consistent both across species and years, suggesting its robustness. More detailed analysis revealed that R. conicus egg load on C. undulatum increased significantly with increases in both patch and matrix densities of the exotic thistle. However, since patch and matrix densities were correlated, it was not possible to separate the relative importance of each. Patch density explained more of the variation (53%) in R. conicus egg load on native thistles, however, and it was the only significant predictor of the frequency of attack. In contrast to the strong effects of exotics, patch-level densities of native conspecific thistles (C. undulatum) had no significant effect on either weevil egg load or the frequency of attack. Thus, in this system, R. conicus dynamics appear to be strongly linked to densities of the exotic rather than the native thistles.
Weevil feeding and larval development dramatically reduce seed production in early flowering native species, including C. canescens and C. undulatum, since R. conicus is active over the majority of their flowering period (Louda 1999 ). For example, seed production of C. undulatum is reduced by more than 80% in flower heads with R. conicus feeding compared to those without (Louda 1999) , and weevil egg load is significantly negatively correlated with seed production for flower heads of a given size (r = -0.24, P < 0.0001; S. M. Louda, unpublished data). In addition, nontarget feeding by R. conicus has led to severe declines in the population densities of the native, Cirsium canescens Nutt. (Louda et al. 2003a) , and also likely impacts C. undulatum in sand prairie (Louda 1999 ). Thus, increased attack of C. undulatum within patches or landscapes invaded by exotic thistles will likely impact populations of this native thistle. To our knowledge, these results provide the first empirical evidence that invasion by an exotic plant can increase the attack of, and thus potential impact on, a native plant by a shared exotic herbivore. We conclude that the exotic plant has the potential to exert a strong negative, indirect effect on related native plant species.
The results parallel those of previous studies demonstrating that shared herbivores can generate negative indirect interactions between native plant species (Parker and Root 1981, Rand 2003) . The findings also are consistent with theoretical models, which predict that prey species that share a common predator can have indirect negative effects on each other's population dynamics, i.e., experience "apparent competition" (Holt 1977 ). Finally, the data support the suggestion by Simberloff and Von Holle (1999) that nonindigenous species may facilitate one another's invasion, thereby increasing the likelihood and magnitude of ecological impacts on native species. Our results suggest that R. conicus is facilitated by the presence of the exotic thistle, and past studies confirm that it is often limited in its ability to reduce weed population densities (Gassmann and Louda A number of other factors, including host-plant phenology and herbivore feeding preferences, may additionally influence the intensity of nontarget effects (Louda et al. 2003b ). We found that levels of attack of the late-flowering native species C. fiodmanii were much lower than on C. undulatum, which flowers synchronously with the time when R. conicus is active. This result suggests that reduced temporal overlap between plants and insects is likely to decrease the intensity of spillover effects. Herbivore feeding preferences for a given plant species can in some cases reduce use of less preferred host species in agricultural systems (Atsatt and O'Dowd 1976). Thus, preference of biocontrol herbivores for targeted host plants might also be expected to reduce levels of attack on native species. However, we found substantial use of the native C. undulatum in landscapes invaded by the exotic despite a previously documented preference for, and increased performance on, Carduus nutans over most Cirsium spp. 
